The design of a liquid flow porometer for the measurement of stomatal responses in epidermal peels is described. The system is computerized and allows automatic measurement of about 1000 stomata (of Commelina communis L.) in three parallel experiments. Simultaneous microscopic observations of the stomata is also possible. Conditions are described for rapid measurement of stomatal responses with greater resolution than that achieved by conventional microscopic measurement techniques. To determine which feature(s) of the stomatal pore influenced the flow rate the most precise estimates of pore diameter and area were made using a cryo-fixation technique, scanning electron microscopy and image analysis. Flow rate showed a near linear dependence on pore area. The LFP was evaluated for measuring stomatal responses by comparison with conventional Petri-dish experiments. Responses to KC1, CO 2 , fusicoccin, and ABA were similar using the two methods, though there was little or no response to light in the LFP. Pore widths were also lower in the LFP under similar experimental conditions. The probable causes of these phenomena are discussed.
INTRODUCTION
Incubation of epidermal peels in various media has become a standard experimental procedure for studying stomatal behaviour because the complex influence of the mesophyll is absent, the guard cells are directly accessible to the bathing medium and the stomatal response is readily observed under a microscope as a change in the average width of the stomatal pores (Fujino, 1967; Fischer, 1968; Willmer and Mansfield, 1969) . However, this approach has several disadvantages (reviewed by Spence, 1987) . The accuracy of measurement of stomatal width is often limited by magnification, diffraction of light by the edges of the pore and the uncertainty concerning the plane of focus in the stomatal throat, particularly at low apertures (Meidner and Mansfield, 1968) . Additionally, measurements are time consuming as a relatively large number of stomata (usually ten stomata per three replicate strips per data point) must be measured to account for the normal variation in the total population and give reliable estimates of the mean pore width. This sampling protocol may be inadequate to describe the response of the stomatal population, particularly during transients when the distribution of pore widths becomes very skewed (Flicker and Jeffree, unpublished observations), or in species that exhibit a high degree of withinsample variance (Spence, 1987) . In addition, the epidermis experiences a change in conditions during the measurement, e.g. illumination regime or gaseous environment, which may contribute to a change in the pore width. These difficulties have restricted experiments to relatively few species where sufficient epidermis can be readily obtained, principally Vicia faba and members of the Commelineaceae. In this paper we present and evaluate Commercial products are mentioned for the convenience of the reader and do not imply endorsement by the US Department of Agriculture. Abbreviations: ABA = abscisic acid; LFP = liquid flow porometer; MES = 2-(A an alternative, but complementary approach to the conventional microscopic measurement of stomatal pore widths, using a viscous flow (liquid) porometer (abbreviated to liquid flow porometer-LFP). The techique was pioneered by Thomas (1970a) and is based on the flow of bathing solution through the epidermis as an indirect measure of stomatal response. In principle this method has the following advantages over the microscopic method:
(1) The response of a large population of stomata (up to about 1000 depending on species) can be monitored conveniently and rapidly. (2) Resolution of stomatal responses and the kinetics of stomatal movements are increased significantly. (3) A high degree of continuity is obtained between experimental treatments as they can be carried out on the same epidermal strip. (4) Relatively small areas of epidermis are required, allowing screening of a much wider variety of species including agronomically important crop plants.
Despite these advantages, use of liquid flow porometry has been limited (Thomas 1970a (Thomas , b, 1971 (Thomas , 1972 Grantz, Cheeseman, and Boyer, 1982; Inoue, Noguchi, and Kubo, 1985) and the validity of the whole approach has been questioned as some of the original work has not been repeatable in subsequent experiments (e.g. p. 210, Hsaio, 1976) .
Against this background, the demand for greater sensitivity and resolution of both transient or rapid stomatal responses in vitro (e.g. to blue light or ABA) and the facility for long-term measurements during gradual perturbation, prompted us to re-evaluate the LFP system. In this paper we present the design of a modified and improved LFP and discuss the features of the stomatal response it actually measures. We further critically assess the reliability and usefulness of the LFP in studies of stomatal physiology.
The LFP gives an estimate of stomatal conductance based on flow of liquid through the pores, in a similar fashion to g, determined by viscous flow (gas) porometry. There are many published equations to relate g, to the geometry of the stomatal pore (Parlange and Waggoner, 1970) , however, it is less obvious what the relationship is between the geometry of the stomatal pore and the flow of liquid, principally because of the great increase in viscosity of a liquid versus a gaseous phase. As the pores have irregular spacing, variable shape and a complex topography (e.g. ridges around the pore), theoretical treatment is difficult. We have, therefore, attempted an empirical treatment of the problem by initially determining the relationship between flow rate and stomatal pore width. The pore width measurements can be related to the pore area, determined by image analysis measurements on cryo-fixed epidermis (van Gardingen, Jeffree, and Grace, 1989) and the correlation between flow rate and area determined by regression analysis. The relationship between stomatal pore widths and flow rate allows comparison of data obtained with the LFP and conventional epidermal strip experiments.
DESIGN OF THE LIQUID FLOW POROMETER
A technical diagram of the incubation block with three individual chambers is presented in Fig. 1 and the positioning of an epidermal strip within the chamber in Plate 1. A schematic diagram of the associated porometer apparatus for a single chamber is presented in Fig. 2 .
The incubation block is constructed from acrylic plastic (perspex, ICI) with glass observation windows cemented in each half using epoxy resin (Araldite, Ciba-Geigy, Cambridge). A single piece of epidermis is sandwiched between the two halves of the block and trapped in place by rubber O-rings when the chambers are sealed (Plate 1). The epidermis in each chamber is supported by a 7-0 mm EM grid (500 x 500 /ira nickle mesh, EMscope Laboratories Ltd., Ashford, Kent) to prevent stretching and distortion of the epidermis during the experiment.
The incubation block is mounted on the stage of a microscope (Prior Ltd., UK) equipped with a x 20 long (12 mm) working distance objective and a x 15 eyepiece. The microscope is angled at right angles to the plane of the epidermal strips to allow illumination from a quartzhalogen projector (Halight 300, Griffin and George, London, UK) via a block of infra-red absorbing glass (Schott, Mainz, FRG). The maximum photon flux density at the level of the epidermis is about 250 ^mol m~2 s"
1 . Darkness is achieved by sealing the microscope and incubation block in a light-proof enclosure.
The chambers are connected to the LFP as shown in Fig. 2 and Plate 1. For simplicity only one chamber is described as the three chambers are identical. All connections are made with silicone rubber tubing (3-0 mm internal diameter, Fisons Scientific, Loughborough, Leicester, UK). The bathing solution is supplied from a top reservoir via an in-line filter equipped with a 0-2 ^m filter (MiUipore, Middlesex, UK) to a glass constant-head apparatus. The filter is required to remove dust particles that can clog the stomatal pores and lead to artifactual changes in flow rate. During the course of an experiment, the solution automatically syphons into the constant-head apparatus until it reaches the exit pipe where it overflows into a second reservoir. The overflow solution can be recycled to the top reservoir via a peristaltic pump (Varioperpex 2120 II, LKB, Sweden). The solution in both the top reservoir and the constant-head apparatus can be aerated with ambient or CO 2 -free air. A syringe ('fill syringe', Fig. 2 ) is used to activate the syphon initially and as a rapid means of re-filling the constant-head apparatus. The height of the constant-head apparatus is typically 70 cm but can also be varied to optimize the maximum flow through the epidermis.
An outlet from the base of the constant-head apparatus is connected to both sides of the chamber by a three-way valve (Vygon, Equen, France) to allow the solution to be flushed past the epidermis when an experiment is started or when changing the bathing medium. In addition, another inlet port is included at this point to allow introduction of relatively small amounts of solution for specific treatments, e.g. during exposure of the epidermis to fusicoccin or ABA. The inlet port is also equipped with an in-line filter.
The outlet from the upper half of the chamber allows washing of the upper surface of the epidermis, whilst the outlet from the lower half is used for both washing the lower surface and for flow measurement through the epidermis. An electronic drop counter is used to measure flow rate. The drop counter is based on a slotted optoswitch (RS 304-560, Radio Spares, London, UK) comprising an infra-red source and photo-detector. Each drop causes a break in the light beam which is converted to a square output pulse by the detector. The shaped pulse is suitable to interface directly with the digital I/O port of a microcomputer (User port, BBC model B, Acorn, UK). To allow measurement from each of the three chambers in turn, the outlets from each chamber are connected to the drop counter via solenoid valves (Lee interface fluidic, Westbrook, Connecticut, USA), which are also interfaced to the microcomputer. The valves are controlled by a BASIC program which also presents the data from the drop counter both graphically and in table form. This information is monitored sequentially for each chamber during the course of the experiment. In a typical experiment the drop count is monitored for a period of 10 s every 5 min for each chamber, though both the count period and sampling interval are software controlled.
MATERIALS AND METHODS

Plant material
Plants of Commelina communis L. were grown as previously described (Fricker and Willmer, 1987) . Prior to use plants were transferred to growth room conditions for a minimum of 1 d and a maximum of 5 d. In the growth room temperatures ranged from 18 °C (night) to 24 °C (day) with a 16 h photoperiod at a photon flux density of 150-250 ^mol m~2 s"' provided by either mercury vapour lamps or a combination of fluorescent tubes and tungsten filament lamps.
Abaxial epidermis was peeled according to the method of Weyers and Travis (1981) from the first or second fully expanded leaves on the main axis of well-watered non-flowering plants around 30-40 cm high (5-8-weeks-old depending on the season).
Physical tests
Flow through an artificial pore in a 0-05 mm thick acetate sheet was measured to estimate the variability of the drop count with repeated measurements under constant conditions and to check the dependence of flow rate on the pressure difference in the system. The diameter of the pore (0-4 mm) was chosen to give an area equivalent to the total pore area at half maximal opening in a typical piece of epidermis in the LFP. Variation in drop volume was assessed by weighing each drop and converting the weight to volume using a density for the liquid of 1.
Measurement of flow rate and stomatal pore width
Peeled epidermis was floated cuticle side up on 01 mol m~3 CaSO 4 for 5 min and then transferred to the incubation block of the LFP. The chamber was tapped to dislodge air bubbles from the surface of the epidermis and these were washed away by flushing both halves of the chamber with bathing medium. The time needed to set up the system was about 5 min. The bathing medium comprised 10 mol m" 3 MES adjusted to pH 61 with KOH, and KC1 at concentrations between 10 and 150 mol m ~3 as noted in figure legends. The solution was bubbled with CO 2 -free air, obtained by passing air through a column of self-indicating soda lime, for a minimum of 1 h prior to the experiment. To maintain temperature control, the whole apparatus was operated in a constant temperature room at 25±0-5 °C. Fusicoccin (001 mol m~3) and ABA (0-01 mol m"
3 ) were added as indicated in figure legends. Stomatal pore widths were measured in situ (x 300) or at the end of the experiment after transfer of the strip to a microscope slide (x 400).
Conventional Petri-dish experiments
Experiments using conventional microscopic measurement of stomatal pore widths were performed according to Willmer, Wilson, and Jones (1988) in parallel with experiments using the LFP. In addition, the effects of submergence of the epidermis on stomatal pore width were also investigated by trapping the epidermis with glass rods or nylon mesh under the surface of the incubation medium to simulate conditions within the LFP. In some experiments the medium was stirred by a small paddle driven by an electric motor to agitate the medium and minimize the boundary layer for gaseous diffusion. The widths of 10 stomata per strip were measured for 3 replicate strips per treatment and each experiment repeated at least three times. Results are presented as mean±s.e.m.
Measurement of stomatal pore width and area
The pore diameter, area, and perimeter of individual stomata were measured using a combination of low-temperature scanning electron microscopy (LT-SEM) and image analysis, essentially according to the methods of van Gardingen et al. (1989) . Essentially, pieces of epidermis were incubated in 50 mol m" 3 KC1, under CO 2 -free conditions in the light to produce wide openings and then closure was induced by application of a range of ABA concentrations (001 to 1-0 mmol m" 3 ). Individual pieces were rapidly (less than 10 s) transferred to a specimen stub attached to the transfer rod of a cryogenic preparation system (SP2000, EMscope Laboratories, Ashford, Kent) and frozen by plunging into liquid nitrogen (77 K). The specimen was transferred under vacuum to the SP2000 and sputter-coated with gold in an argon atmosphere (20 mA, 13 Pa, 1-5-2-0 min). The specimen was examined in a scanning electron microscope (S25O MK.1, Cambridge Instruments, Cambridge, UK) fitted with a cold stage operated at 115 K and photographed at x 450 on to 35 mm film (TMX 6052, Kodak, Hemel Hempstead, Herts, UK). The width, area, length, and perimeter of each stoma were automatically measured from the negatives using an image analyser equipped with a Chalnicon video camera and a hardware 2-D detector (Quantimet 970, Cambridge Instruments, Cambridge, UK). Full details of the method will be published elsewhere.
Statistical treatments
Coefficients of variation (CV) were calculated as sx 100/Y according to Sokal and Rohlf (1981) . Regression equations were fitted by least squares analysis using the Marquardt (1963) search algorithm (Statgraphics software, Statgraphics Corporation, USA).
Chemicals
Fusicoccin was a generous gift from Dr E. Marre. All other chemicals were from Sigma Chemical Co. (Poole, Dorset, UK).
RESULTS
The relationship between drop count, flow rate and pressure difference determined with an artificial pore The drop count was recorded for flow through an artificial pore (400 ^m diameter by 50 /xm long) with varying height of the liquid column to determine the precision of the count with varying flow rates ( Table 1 ). The coefficients of variation were slightly higher at the extremes of flow rate. At low flow rates this is partly due to the discrete nature of each drop in comparison to the continuous nature of the flow rate being sampled. At high flow rates, errors were introduced as the separation between drops decreased and reached the limits of discrimination for the detector. The practical limit of counting of the drops was between 700-800 drops per min, after which they formed an almost continuous stream.
Much of the error in the repetitive measurements appears to reside in the variation in the volume of each drop. The average volume, determined from the weight of individual drops at a constant height of 10 cm, was 29-5±058 mm 3 (mean±s.e.m., «= 36), giving a coefficient of variation of 1-97%, similar to the total variation observed in the repeated measurements at any given height. The volume of the drop depends to a large extent on the diameter of the outlet tube which can be altered to vary the sensitivity of the instrument. Needles greater than 10 mm (19 gauge) are appropriate if clipped to a square end. All measurements presented here used a 1-6 mm diameter (16 gauge) needle. Normal operation of the LFP used a column height of 70 cm, when flow rates rarely exceeded 600 drops per minute through the epidermis. Simple amplification of the signal can be achieved by increasing the pressure difference (i.e. increasing the height of the liquid column).
Experiments were conducted to determine the precision of the instrument with repeated measurements of stomatal responses after stabilization of opening stimulated by varying concentrations of KC1. Results may be complicated by genuine behavioural changes under these conditions (e.g. low amplitude oscillatory behaviour), however, in four experiments with differing flow rates, the coefficients of variation were only marginally greater than those determined with the artificial pore ( Table 2 ).
The relation between drop count and stomatal pore width, and pore area and pore width
Stomatal pore widths were measured both in situ or after transfer of the epidermis to a microscope slide at the end of the experiment to allow comparison of data obtained using the LFP with conventional epidermal strip experiments. A calibration curve, relating flow rate to stomatal pore width was constructed from non-linear regression of drop count on pore width (Fig. 3) . Pore width = 0-682 x flow rate 0 ' 4 * 3 , i? 2 = 73-3%.
The relationship between pore width and pore area was determined from image analysis of stomatal pores in cryofixed epidermis (Fig. 4) . Pore area = 4-321 x pore width 1 ' 662 , R 1 = 97-03%. Regression of area on pore width was used to derive area estimates for the pore width determined in the LFP experiments. Using these values, the relationship between estimated area and flow rate was almost linear (Fig. 5) , suggesting flow rate was principally dependent on the area of the pore. Flow rate= 1-97 x pore area 093 , R 2 = 68-8%.
Response to KCl
Experiments were conducted in which epidermis was illuminated under CO 2 -free conditions and varying concentrations of KCl in both the LFP and conventional Petri-dish experiments. There was an increase in flow rate and pore widths with increasing concentrations of KCl. For direct comparison, the flow rate in the LFP was converted to pore width values using the calibration described above. Stomatal opening in the LFP was some- what lower than that in the dish experiments for the same concentration of KC1 (Fig. 6) .
To investigate the cause of this discrepancy, the effects of submergence and agitation of the medium on stomatal opening were investigated in dish experiments in an attempt to simulate conditions in the LFP more closely. Pore widths were followed over a 5 h period under a variety of conditions in 75molm~3 (Table 3) . Widest opening occurred in floating epidermis, with CO 2 -free air promoting greater opening than normal air. Submerging the epidermis greatly reduced pore widths; under CO 2 -free conditions pore widths decreased by 39%, whilst 15-5±O-7 11-9± 1-9 9-5±ll 3-9 ±0-8 2-5 ±0-4 very limited opening occurred without bubbling with CO 2 -free air. A small stimulation of opening occurred in the latter treatment if the medium was stirred mechanically.
The observations described above may be caused by two factors; one related to the change in turgor or mechanical relations of the epidermis upon submergence, and the second due to removal of CO 2 around the tissues, since bubbling with CO 2 -free air or mechanical stirring partially alleviated the inhibition of opening observed in the submerged, unstirred treatment.
The conditions experienced by the epidermis in the LFP probably lie between the submerged, aerated and submerged, stirred treatments described above as experiments were usually conducted under nominally 'CO 2 -free' conditions and the periodic flushing during the count period should disrupt unstirred layers, particularly when the stomata are open. Problems may arise, however, when the stomatal pore widths are low and the flow of liquid through the stomata is slight. Under these conditions the local concentration of CO 2 that the stomata are exposed to may not be representative of the bulk medium due to high rates of guard cell respiration.
Response to dark/light transition
Experiments were conducted to monitor stomatal responses to a dark/light transition. The drop rate was allowed to stabilize for 90-120 min in the dark and then the epidermal strip was illuminated. The light stimulation of opening was absent or very low (0-15% of dark pore widths) and variable under all conditions tested including changing KG concentration and the presence or absence of CO 2 .
Typical results for three KC1 concentrations under reduced CO 2 concentration are shown in Fig. 7 . Opening occurred in the dark over 90 min to an extent dependent on the KG concentration but no light stimulation was observed during further incubation. To check that the absence of a light response was not a consequence of a diurnal rhythm in stomatal behaviour, experiments were conducted at the beginning (10.00 h) and middle (16.00 h) of the photoperiod for plants grown in the growth rooms. However, the absence of a light response was not accounted for by a circadian rhythm since, although the level of opening was slightly lower for each concentration of KG when measured at the start of the normal light period, light stimulation remained low or absent (data not shown).
Response to CO 2
The effect of CO 2 concentration on pore width was measured in the LFP. Stomata in epidermal strips and leaves normally close in response to increasing levels of CO 2 (Willmer, 1988) . Results from experiments on submerged epidermis suggested that the lower pore widths observed in the LFP might be due to the accumulation of respiratory CO 2 around the guard cells and the low diffusion of CO 2 away from the tissues in aqueous media. Removal of CO 2 from the incubation media consistently gave an increase in the rate of opening and wider final pore widths (Fig. 8) . The magnitude of the increase as a percentage of the plus CO 2 controls was 145 ±18% (n = 10) after 90 min. However, the response was often observed to 'tail-off' (Fig. 8) , until, after about 3 h, there was little difference between the plus and minus CO 2 treatments. It is possible, therefore, that despite the initial 'reduced' CO 2 levels in the minus CO 2 treatment, the local level of respiratory CO 2 still accumulated to inhibitory levels during the 3 h incubation.
Response to fusicoccin and ABA
Fusicoccin (001 mol m" 3 ) caused maximum opening under all conditions tested. A typical treatment is shown in Fig. 9 . In low (e.g. 10 mol m~3) concentrations of KG and darkness, conditions that normally do not stimulate stomatal opening (Jarvis and Mansfield, 1980) , maximum opening could be induced in about 6 h in the presence of fusicoccin (Fig. 6 ). ABA (0-01 mol m~3) caused an immediate, rapid reduction in average pore width to c. 50-75% of previous values within 10 min of application at all KC1 concentrations examined (Fig. 10A) . However, even if ABA was maintained in the incubation medium, a slight recovery in pore width was observed over a 60 min period (Fig. 10A) . If ABA was present in solutions at the start of the experiment the stomata opened to a lesser extent initially, and the inhibition of opening could be partially reversed by washing out the ABA solution (Fig. 10B ).
DISCUSSION
The LFP described here provided an automatic measurement of stomatal responses in up to three parallel treatments. The number of replicate experiments could easily be increased by further expansion of the system. In comparison with conventional Petri-dish experiments sampling can be made more frequently and performed repeatedly on the same area of epidermis giving a very coherent set of data. Regression analysis would suggest that the flow rate depends on pore area in a linear fashion.
Stomatal responses to a number of well-defined treatments indicated that stomata behave similarly in the LFP and conventional Petri-dish experiments. Stomata are capable of wide opening in the LFP (e.g. in the presence of fusicoccin), however, under most treatments, stomatal pore widths were consistently lower in the LFP than those in parallel dish experiments. Furthermore, little or no response to light was observed for stomata of C. communis in the LFP under any conditions, in contrast to the increases in pore width typically observed for stomata in dish experiments. A similar low light response was observed in Vicia faba using a slightly modified LFP (data not shown), suggesting that the lack of lightstimulated opening is not unique to either C. communis or to this system. Stomata opened wider in the absence of CO 2 than in its presence in the LFP as is also observed in conventional dish experiments, but the opening was often not sustained in the LFP in contrast to dish experiments. We suggest that this effect, the lack of a light response and the lower pore widths in general are all manifestations of the normal stomatal sensitivity to CO 2 . The concentration of CO 2 around the guard cells is likely to be elevated, even when the bulk medium is CO 2 -free, due to the combination of high levels of guard cell respiration (Fitzsimons and Weyers, 1983; Shimazaki, Gotow, Sakaki, and Kondo, 1983; Birkenhead, Laybourn-Parry, and Willmer, 1985) and low rate of diffusion of respiratory CO 2 away from the tissues in aqueous media. In dish experiments high levels of CO 2 are reported to reduce stomatal pore widths (Willmer, 1988) and reduce the light response (Jarvis and Mansfield, 1980) . The response to ABA was qualitatively similar to conventional responses in dish experiments (Willmer, Don, and Parker, 1978) , though the recovery of pore width even in the continued presence of ABA is interesting and has not been observed in dish experiments.
It appears, therefore, that the conditions experienced by the epidermis in the LFP most closely equate with 'high' CO 2 levels in conventional experiments. Given this proviso, the responses to KC1, light, ABA, and fusicoccin were all similar to those found for conventional epidermal strip experiments.
In the current design of the LFP, liquid only flows through the epidermis during the count period (typically 10 s every 300 s) to an extent dependent on the stomatal aperture. Our data would suggest that the long period without liquid movement and the difference in flow rate between treatments during the count period result in varying rates of CO 2 build-up and removal from the tissues. This may explain why, at high flow rates, apertures tend to be maintained after opening, whilst at lower flow rates, apertures tend to decline (e.g. Fig. 7 ). The effect of flow rate on aperture has not been considered in previous designs for liquid flow porometers (Thomas, 1970a; Inoue et al., 1985) , but may significantly affect the kinetics of the responses measured. In this system, the problem may be reduced to some extent by decreasing the interval time between sampling. We are currently developing a more effective solution that incorporates continuous, rapid perfusion of both sides of the epidermis.
